








We	 introduce	 an	 innovative	 high‐sensitivity	 broadband	
pump‐probe	 spectroscopy	 system,	 based	 on	 Fourier‐
transform	 detection,	 operating	 at	 20‐MHz	 modulation	
frequency.	 A	 common‐mode	 interferometer	 employing	
birefringent	 wedges	 creates	 two	 phase‐locked	 delayed	
replicas	 of	 the	broadband	 probe	pulse,	 interfering	 at	 a	
single	photodetector.	A	 single‐channel	 lock‐in	 amplifier	
demodulates	the	interferogram,	whose	Fourier	transform	
provides	 the	 differential	 transmission	 spectrum.	 Our	
approach	 combines	 broad	 spectral	 coverage	 with	 high	
sensitivity,	 thanks	 to	 high‐frequency	 modulation	 and	
detection.	 We	 demonstrate	 its	 performances	 by	
measuring	 two‐dimensional	 differential	 transmission	
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system	 dynamics,	 the	 signal	 should	 be	 detected	 for	 several	






which	 uses	 a	 spectrometer	 to	 separate	 the	 different	 frequency	
components	 of	 the	 probe	 pulse,	 which	 are	 then	 measured	
simultaneously	by	a	multichannel	detector.	The	parallel	approach	is	





a	 large	 background,	 so	 that	 they	 require	 modulation	 transfer	
techniques	for	their	measurement.	These	techniques	consist	in:	(i)	
amplitude	modulation	of	the	pump	through	a	mechanical	chopper,	
an	 acousto‐optic	 or	 an	 electro‐optic	 modulator,	 ideally	 at	 a	
frequency	exactly	locked	to	half	the	repetition	rate	of	the	laser,	so	as	




high‐pulse‐energy	 amplified	 laser	 systems	 running	 at	 ~kHz	
repetition	rate	[2‐11],	and	10‐610‐7	for	low‐energy	laser	oscillators	
running	at	~MHz	repetition	rate	[12].		





laser	 repetition	 rate	 [2‐11].	 The	 single‐shot	 sensitivity	 of	 the	
detection	chain	(not	considering	the	laser	fluctuations)	is	typically	
limited	 to	 ΔT/T~10‐3	 per	 spectrum	 by	 an	 interplay	 of	 the	
electronic/read‐out	 noise	 of	 the	 camera	 and	 the	 shot	 noise	
associated	 with	 the	 105‐106	 electrons	 full‐well	 capacity	 of	 the	
individual	 pixels.	 Using	 a	 camera	 running	 at	 10‐kHz	 readout	
frequency	 and	 a	 very	 stable	 laser	 source,	 Kukura	 et	 al.	 [10]	
demonstrated	 sensitivities	 down	 to	 ΔT/T<10−5	 within	 1‐second	
measurement	 time.	 Analogously,	 Brixner	 et	 al.	 [11]	 presented a 
pump-probe scheme based on a fast camera with 100-kHz readout 
frequency, which provides single-shot sensitivity of 7.5·10−3 in 
absorbance change, limited by the laser intensity fluctuations, which 
translates into ΔT/T~6·10−5 within 1-second measurement time.	
For	MHz	 lasers	 no	 OMAs	 capable	 of	 single‐shot	 detection	
exist,	so	that	the	serial	approach	is	typically	used,	measuring	ΔT/T	
dynamics	 at	 individual	 probe	 wavelengths,	 selected	 by	 an	
interference	 filter	 or	 a	 monochromator,	 using	 a	 photodiode	
connected	to	a	high‐frequency	lock‐in	amplifier.	Multi‐channel	lock‐
in	 amplifiers	 have	 been	 proposed	 but	 they	 are	 expensive,	 with	
limited	channel	number	and/or	repetition	rate,	and	result	in	bulky	
and	complicated	setups	[13,	14].	
In	 this	 paper	we	 introduce	 a	new	approach	 to	 broadband	
pump‐probe	 spectroscopy,	 based	 on	 time‐domain	 Fourier‐
transform	 (FT)	 detection	 and	 employing	 a	 single	 detector	
combined	with	a	high‐frequency	modulator	and	lock‐in	amplifier.	
After	 the	 sample,	 the	 broadband	probe	 pulse	 is	 sent	 to	 a	 linear	
interferometer	 that	 creates	 two	 collinear	 replicas	 with	 relative	
delay	t.	The	two	replicas	interfere	on	the	detector,	giving	rise	to	an	
interferogram,	whose	FT	with	respect	to	t	is	the	spectrum	of	the	
unperturbed	 probe	 pulse	 [15].	 Due	 to	 the	 linearity	 of	 the	 FT	
operator,	the	FT	of	the	interferogram	of	the	ΔT	signal,	as	recorded	
by	 the	 lock‐in,	 gives	 the	 ΔT	 spectrum.	 Our	 approach	 has	 the	
advantage	of	combining	broad	spectral	coverage,	thanks	to	the	FT	
detection,	and	high	sensitivity,	thanks	to	the	high	frequency	(up	to	
20	MHz,	 i.e.	half	 the	repetition	rate	of	 the	 laser)	modulation	and	
detection.	Scanning	the	delay	line	only	once	per	T/T(pr,)	map	




Fig.	 1.	 Schematic	 drawing	 of	 the	 setup.	WP:	Wollaston	 prism;	
BPD:	 balanced	 photodiode;	 ADC:	 analog‐to‐digital	 conversion	





resonant	with	 the	 sample	 absorption,	 and	 the	broadband	probe	
beam,	covering	the	spectral	bandwidth	of	interest.	The	pump	is	sent	
to	a	motorized	translation	stage	for	delay	control	(M‐405.CG	from	
Physik	 Instrumente)	 and	 to	 an	 amplitude	 modulator	 for	
synchronous	detection.	Pump	and	probe	beams	are	focused	on	the	





and	 a	 birefringent	 plate,	with	 perpendicular	 orientation	 of	 their	
optical	axes	(as	indicated	in	yellow	in	Fig.	1);	the	incoming	pulse,	
polarized	at	45°	with	respect	to	the	directions	of	the	optical	axes,	is	
split	 into	 two	delayed	pulses	with	 perpendicular	 polarization.	 A	
polarizer	 before	 the	 TWINS	 can	 be	 inserted	 to	 control	 the	
polarization	of	the	probe	beam	in	case	of	depolarization	induced	by	






the	 inherent	 phase	 stability	 of	 the	 common‐mode	 TWINS	
interferometer,	 the	 two	 delayed	 replicas	 are	 phase‐locked	 with	
stability	better	than	/100,	enabling	us	to	measure	interferograms	
with	 an	 extremely	 high	 accuracy.	 The	 delay	 between	 the	 two	
replicas	 can	 be	 easily	 controlled	 by	 moving	 one	 wedge	 with	 a	














oriented	 at	 45°	 with	 respect	 to	 the	 optical	 axis	 of	 the	 wedges	
separates	the	probe	into	two	orthogonally	polarized	beams,	each	
containing	 an	 interferogram	 (generated	 by	 the	 interference	
between	the	two	pulse	replicas)	but	with	a	relative	phase	shift	of	π.	
The	 two	 generated	 beams	 are	 eventually	 measured	 with	 the	




with	 doubled	 amplitude	 and	 zero	 offset.	 Alternatively,	 one	 can	
replace	the	Wollaston	prism	with	a	polarizer	oriented	at	45°	and	use	
a	 single‐channel	 photodiode,	 thus	 simplifying	 the	 experimental	
configuration	at	the	cost	of	reducing	the	amplitude	of	the	measured	
interferogram.	The	AC	output	of	the	balanced	photodiode	is	sent	to	




position	 xw.	 These	 two	 waveforms	 are	 called	 the	 differential	
interferogram	 ΔT(xw)	 and	 the	 linear	 probe	 interferogram	 T(xw),	
respectively.	We	first	apply	a	super‐Gaussian	apodization	window,	
to	remove	spectral	side	lobes	caused	by	the	finite	sampled	temporal	
interval,	 and	 then	 we	 compute	 their	 FTs,	 thus	 obtaining	 the	















Particular	 attention	 must	 be	 paid	 to	 the	 phasing	 of	 the	
interferograms.	Slight	shifts	of	the	zero‐delay	position	would	indeed	
cause	 serious	 errors	 in	 the	 retrieved	 spectral	 line	 shapes.	 By	
















delay	 (where	 the	ΔT	 signal	 is	highest)	 accurately	measuring	 the	
difference	 of	 the	 zero‐delay	 positions	 (estimated	 by	 the	phasing	














apex	 angle	 α	 and	 travel	 range	 L	 of	 the	 moving	 wedge,	 which	

















spectrometer	 under	 the	 same	 experimental	 conditions.	 The	
agreement	 is	 excellent,	 thus	 demonstrating	 the	 reliability	 of	 our	
new	detection	system	 for	broadband	pump‐probe	spectroscopy.	




the	dark	S1	 state	 to	a	higher‐lying	Sn	 state,	peaking	at	~590	nm	
wavelength.		
	
Fig.	 2.	 Comparison	 of	T/T	 spectra	 collected	 on	 a	 β‐carotene	
sample	in	solution	at	the	same	1‐ps	delay	using	a	standard	OMA	
based	 on	 a	 CCD	 camera	 (squares)	 and	 the	 FT	procedure	 here	
introduced	(solid	red	line).	Hashed	area:	probe	spectrum. 
We	then	applied	our	approach	to	a	high‐repetition	rate	laser	














We	measured	T/T	 dynamics	 on	 a	 spin‐coated	 sample	 of	
semiconducting	single‐walled	carbon	nanotubes	(SWNTs)	starting	
from	 a	 highly	 concentrated	 dispersion	 in	 orthodichlorobenzene	
[20].	The	resulting	sample	presents	a	large	number	of	bundles	and	
aggregates,	 with	 a	 predominance	 of	 the	 (6,5)	 and	 the	 (7,5)	
chiralities,	resulting	in	a	broad	absorption	band	of	the	first	excitonic	






measurement	 time	 for	each	T/T	 spectrum.	 Increasing	 the	scan	























interferograms	 at	 100fs	 delay,	 together	 with	 the	 apodization	
window	used.	(b)	Two‐dimensional	T/T(pr,)	map	for	a	SWNT	
sample.	(c)	Solid	lines:	T/T	spectra	at	selected	probe	delays	as	
indicated;	 hashed	 area:	 probe	 spectrum.	 (d)	 T/T	 dynamics	




high	 modulation	 frequencies,	 where	 the	 laser	 relative	 intensity	
noise	is	typically	the	lowest.	This	is	clear	by	taking	a	closer	look	at	
the	 dynamics	 at	 λ=1215	 nm	 (i.e.	 at	 to	 the	 peak	 of	 the	 probe	
spectrum)	and	negative	delays	(see	inset	of	Fig.	3(d)).	The	peak‐to‐
peak	 fluctuations	 of	 the	 signal	 around	 zero	 (with	 our	 1.5‐s	
integration	 time	per	delay)	 are	 of	 the	 order	 of	 ±510‐6,	 and	 the	
corresponding	 rms	 noise	 is	 as	 low	 as	 2.710‐6.	 It	 should	 be	
emphasized	that,	like	several	other	fiber‐based	lasers,	our	system	is	
not	 shot‐noise	 limited,	 even	 at	 high	 frequencies	 [23],	 but	 has	
significant	 excess	 noise;	 using	 a	more	 stable	 laser	would	 hence	
enable	us	to	reduce	the	rms	noise	even	further.	
In	 conclusion,	 we	 have	 proposed	 and	 experimentally	
demonstrated	 an	 innovative	 detection	 scheme	 for	 pump‐probe	
spectroscopy,	which	combines	a	broad	spectral	coverage	with	very	
high	 modulation	 frequencies.	 This	 enables	 us	 to	 perform	
broadband	measurements	with	an	excellent	signal‐to‐noise	ratio	in	
a	short	time.	Our	scheme,	based	on	a	single	detector	and	lock‐in	
amplifier,	 is	 significantly	 less	 expensive	 and	 complex	 than	other	
implementations	 using	 a	 high‐frequency	 multi‐channel	 lock‐in,	
which	 could	 in	 principle	 provide	 even	 higher	 sensitivity.	 This	
apparatus	 relies	 on	 the	 stability	 of	 the	 TWINS	 interferometer,	
whose	 common‐path	 geometry	 allows	 one	 to	 control	 the	 delay	
between	two	pulses	with	a	precision	of	attoseconds,	without	any	
active	 control	or	 feedback.	Thanks	 to	 this	 feature,	 the	 technique	
here	 proposed	 can	 be	 straightforwardly	 extended	 also	 to	 other	
spectral	regions,	from	the	UV	to	the	mid‐IR.		
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